We study theoretically the simultaneous existence of large phononic and photonic bandgaps in chiral phoxonic crystals by topology optimization. By analyzing the effect of the chiral symmetry with different material orientations in both the square and triangular lattices, we discuss the most suitable structural properties for opening large phononic and photonic bandgap widths simultaneously and demonstrate the key role of the chiral topological feature. We also present the sensitivity analysis on the optimized phoxonic crystals and suggest the relatively robust structures. It will be shown that topology optimization can discover novel types of simple structures, offering new degrees of freedom to the beneficial design of phoxonic crystals for manipulating photons with phonons.
Introduction
For modeling acousto-optical interactions at the micro and nanoscale, much effort has been devoted to opening simultaneous phononic and photonic bandgaps in the same system based on phoxonic crystals (PxCs) [1] - [5] . Such materials, also known as phononic-photonic or optomechanical structures [6] , introduce a periodicity in both the refractive index and the acoustic impedance, providing a systematic way to confine the acoustic and optical waves and leading to promising novel applications, e.g., enhancing the acousto-optical or optomechanical interactions [6] - [9] , effectively manipulating photons with phonons [10] , co-localizing photonic and phononic resonances [11] , etc. Consequently, PxCs show much possibilities for designing new compact acousto-optical and sensing devices, while retaining high frequency phonons. Some PxC structures with different periodicity, host materials [2] , [6] , [12] - [14] , geometries [1] , [9] , [15] , [16] , and dimensions [1] - [3] , [5] , [6] , [10] , [16] - [19] have been proposed in recent years. In contrast to the empirical design or parametrical optimization, topology optimization [20] in which the geometry is completely arbitrary can discover some previously unknown structures. In particular, during the past decade, many interesting optimized photonic or phononic bandgap structures have been reported for efficiently modulating the electromagnetic [21] - [23] , acoustic and elastic waves [24] - [33] , respectively. Obviously, these previous works motivated us to explore the beneficial optimized geometries for the PxC bandgap engineering. Then, the optimized PxC bandgap structures can be utilized to realize the applications of light-sound and optomechanical interactions in cavities or waveguides. The simultaneous existence of phononic and photonic bandgaps has been demonstrated in different types of structures. However, limited by the artificially designed geometry, the reported PxCs have yet to be improved regarding both the large bandgap width (BGW) and the wide range of the geometrical parameters. The previous related works [34] , [35] have demonstrated that the large complete phononic and photonic BGW can be obtained simultaneously by the multi-objective optimization. Nonetheless, the optimization of the PxC structures [34] , [35] was limited to the square symmetry assumption in a square lattice. Therefore, this limits the search space and may exclude some optimal structures with other symmetries. Our recent paper [36] indicated that the symmetry reduction (e.g. chiral symmetry) is favorable to the large bandgap generation in phononic crystals. Therefore, introducing the symmetry into the optimization of the structure or material is beneficial to find out the best and complete topological features for PxC bandgap engineering.
The main goal of this paper is to reveal the most beneficial design of simultaneously large photonic and phononic BGWs of the 2-D infinite PxCs in the square and triangular lattices with a chiral symmetry by considering the effect of the symmetry of the structure or material on the optimization. We perform the multi-objective optimization for sufficiently wide phononic and photonic BGWs simultaneously. In our optimization, we consider the chiral symmetry of the unit-cell (i.e., 90°-rotational symmetry in a square lattice and 60°-rotational symmetry in a triangular lattice), and the non-chiral symmetry (i.e., square symmetry and triangular symmetry). The physical mechanism of phononic and photonic bandgaps of the optimized structures is analyzed. To establish a link between the performance uncertainty and the shape uncertainty arising from manufacturing errors, we also present the sensitivity analysis of two representative optimized structures. We expect that the optimized structures and the beneficial geometry features can guide the design of the corresponding optomechanical devices with a better control of the phononic and photonic energies simultaneously.
This paper is organized as follows: the following Section 2 introduces the optimization formulation in PxC bandgap engineering. Section 3 describes the optimized results for square and triangular lattices along with the detailed discussions regarding the effect of the symmetry reduction, the function of the porosity in the optimization and the physical mechanism of large phononic and photonic bandgaps. Section 4 presents the sensitivity analysis of the optimized PxC structures. Some simplified structures based on the optimization and sensitivity analysis are proposed. The main conclusions of this study are given in Section 5.
Optimization Formulation and Methods
Almost all applications of PxCs are based on bandgaps. Several previous works have proposed the PxC structures by parametrical studies and physical analysis [1] , [2] , [17] , [37] . Generally, for the holey PnCs, the structures with large BGWs would have large lumps and narrow connections, generating the local resonances [29] . However, the transverse magnetic (TM) bandgaps prefer the lattices of isolated high-ε regions, and transverse electric (TE) bandgaps are favored in connected lattices. Therefore, the key issue of the optimization is to find out such structures which have all these geometrical attributes simultaneously. To this end, it is better to use multi-objective optimization algorithms to find a set of solutions which reach a balance between two conflicting objectives.
Although the general electromagnetic wave equations have a vectorial form, for the electromagnetic waves propagating within the considered 2-D infinite PxCs in the xy-plane, two types of wave modes can be described by the following two decoupled scalar wave equations [22] :
where E z and H z are, respectively, the electric and magnetic fields in the z-direction; r = (x, y) is the position vector; ω denotes the circular frequency; c represents the vacuum speed of light; is the gradient operator; and ε represents the position-dependent dielectric permittivity. The dielectric function satisfies ε(r ) = ε(r + R ), where R is the crystal lattice vector. The scalar wave fields satisfy the Floquet-Bloch conditions E z (r ) = e i k·r E k (r ) and H z (r ) = e i k·r H k (r ), respectively, where E k and H k are the periodic fields in the unit-cell and k is the wave vector in the first Brilliouin zone.
We assume that the elastic waves also propagate in the xy-plane. In the absence of the body forces, the linear elastic time-harmonic wave equations in an anisotropic medium are given by
where C is the elasticity tensor; ρ is the mass density; u denotes the displacement vector; and ":" represents the double contraction operation. According to the Bloch-theorem, the displacement vector can be expressed as u(r ) = e i k·r u k (r ). For the photonic and phononic governing equations, sweeping the wave vectors along certain boundaries of the irreducible Brillouin zone with the consideration of the structural symmetry, we can solve the periodic eigenvalue problems corresponding to (1)-(3) and obtain the complete dispersion relations (k-ω), i.e., photonic and phononic band structures, by using the ABAQUS/Standard solver Lanzocs.
To design the maximal complete BGW that supports acoustic and optical wave modes simultaneously, we propose to solve the following constrained multi-objective optimization problem by using the non-dominated sorting-based genetic algorithm II (NSGA-II) [38] , [39] :
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Subject to :
C pt ≥ 0.1 ( 8 ) where C pt and C pn represent the maximal relative complete photonic and phononic BGWs for the first 10 bands (n = 1, 2, . . . 9), respectively; is the material topological distribution of the unit-cell; ω p t and ω p n indicate the angular frequencies of the optical and acoustic modes, respectively; and ρ i means that an element is filled with solid (1) or vacuum (0) (the unit-cell is discretized into N × N elements). In order to eliminate the mesh-dependence [29] , [40] , the geometrical constraint in (7) is introduced in the optimization to make sure that the minimal width p of the structure should be larger than p * which is selected as a/30 (a is the lattice constant). In principle, the objectives in (4) and (5) equally guide the optimization evolution. Whereas it is difficult to open a sufficiently large (>10%) complete photonic BGW, the constraint in (8) is adopted to make the optimization have a preference for opening photonic bandgaps as easy as possible [34] . Then, the feasible solutions will display the whole search space for opening phononic bandgaps. Consequently, the optimization not only has a fast convergence rate but also produces the adequate feasible solutions with sufficiently large photonic BGWs.
Basically, many multi-objective optimization algorithms can be used to solve the above optimization problem. Since the crystal structure involves "two-phase" (solid and vacuum) materials, we choose the binary-coded NSGA-II, a popular genetic evolution algorithm, to solve the optimization problem. The optimization starts with a random population of N × N meshed unit-cells. The fitness of every individual will be computed based on (4) and (5) . Then, the evolution is guided from generation to generation by six improved operators: non-dominated sorting, selection, crossover, mutation, local search and crowed-comparison. The non-dominated sorting and crowed-comparison operators [39] are used to get the non-dominated relationship among various solutions and maintain the population diversity. As for the local search, we introduced an "abuttal entropy filter" method [29] to accelerate the evolution and modify (or filter) the optimized structures. This filter algorithm deletes some invalid elements in individuals and checkerboard, then it can find a better individual near the older one. Note that more details of the optimization procedure can be found in our previous works [29] , [30] , [34] , [36] . Along with the evolution process, the structures simultaneously opening the large phononic and photonic BGWs are generated. After the optimization, the decision maker can select different optimized solutions for different trade-off relations. Due to the non-convexity and complexity of the problem, all optimized results presented in this paper are near-optimal. The optimization method of this study is also applicable to engineering many other PxC structures with two "naturally" conflicting objectives.
Numerical Results and Discussions
We present our computational results for the PxCs made up of silicon with vacuum holes. The material parameters are: the refractive index n = 3.6, the mass density ρ = 2331 kg/ m 3 , and the elastic constants C 11 = 16.57 × 10 10 Pa, C 12 = 6.39 × 10 10 Pa and C 44 = 7.962 × 10 10 Pa [5] , [34] , [17] . As a typical and popular evolutionary multi-objective optimization algorithm, NSGA-II starts from an initial population which is composed of a number of PxC structures with random material distributions. Then, several genetic operations of the selection, crossover and mutation are applied to the individuals in the current generation for generating the offspring population. As the evolution proceeds, the fitness of the individuals is gradually improved. Finally, the Pareto optimal solutions for the multi-objective optimization are achieved. The used algorithm parameters of NSGA-II are: the population size N p = 30, the crossover probability P c = 0.9 and the mutate probability P m = 0.03. Theoretically, a larger population size means that the optimal-Pareto solution set is more likely to be obtained. Only the suitable crossover and mutate probabilities can guarantee that the optimization evolves towards the global optimal direction. Although there is no criterion to select the genetic parameters, we find that the parameters used here can yield converged and near-optimal results. Due to the complicacy of the searching space, the "coarse to fine" optimization method [21] , [41] is used for finding the structure with a good performance while keeping fine edges. In the first stage, we start our optimization on the coarse grids (30 × 30 for the square lattice and 24 × 24 for the triangular lattice) for 1000 generations. After a series of genetic operators, the optimized structures are improved continually. Then, the final optimized solutions are mapped to the fine grids (60 × 60 for the square lattice and 48 × 48 for the triangular lattice), and then taken as the initial population of the new run of the optimization. At last, the final optimized solutions are generated after 2000 generations. Particularly, the topology of the unit-cell for the square lattice can be directly expressed by N × N grids. However, for the triangular lattice, N × N grids only contain one-sixth of the unitcell. The other five parts can be duplicated rotationally, since we are considering 60°-rotational symmetry (including chiral and non-chiral symmetries) in this paper. The optimization takes about 87 hours on a Linux cluster with 16 cores of Intel Xeon E5-2660 at 2.20 GHz. In spite of the quite time-consuming task of any global optimization method, the adopted two-stage method can find out some interesting structures with large BGWs in a large searching space. If we want to extend the present optimization procedure to 3-D cases, it is better to employ the gradient-based optimization algorithms [22] or corporate with the fuzzy theory [42] and approximation methods [43] , [44] in the future.
Considering the symmetry reduction, we perform our optimization to obtain the most beneficial geometries for PxCs in the square or triangular lattices. The prescribed symmetries include the square symmetry (non-chiral symmetry), 90°-rotational symmetry (chiral symmetry) in square lattices, the triangular symmetry (non-chiral symmetry) and 60°-rotational symmetry (chiral symmetry) in triangular lattices. We also show the influence of the material orientation. The schematic illustration for the non-chiral and chiral symmetries of the unit-cells is presented in Fig. 1 . The chiral symmetry means that the unit-cell possesses the rotational symmetry without any mirror symmetry, while the non-chiral symmetry signifies a strong symmetry which is the same as the Bravais lattice.
Square Lattice
Many previous studies showed the importance of the symmetry for the bandgap properties [45] - [48] . Because the optimization is sensitive to any change of the unit-cell geometry, it is expected to obtain better optimized results by incorporating different symmetries. The optimization results with the square symmetry and the chiral symmetry for the maximal relative complete BGW of the acoustic and optical modes simultaneously are illustrated in Fig. 2 . The optimized Pareto-optimal solutions and the representative structures are presented. We consider two material orientations (θ = 0°and 30°) to reveal the effect of the material anisotropy, where θ refers to the angle between the crystallographic axis of the material and the coordinate axis of the structure. For comparison purpose, the optimized results for the square symmetry with θ = 0°in our previous work [34] are shown as well. It should be stressed here that, just like in [5] , [17] , and [34] , the material anisotropy is specific to the elastic (phononic) case, while the photonic refractive index is considered to be isotropic.
For the single-objective solutions with θ = 0°, we can observe that the solutions with the square symmetry and chiral symmetry have almost the same photonic BGWs. This means that the square symmetry is good enough for opening photonic bandgaps. For the phononic case, however, the chiral symmetry is significantly superior to the square symmetry, improving the BGW by 39.76%. Furthermore, for the multi-objective solutions with θ = 0°, the Pareto-optimal solution set with the chiral symmetry dominates over that with the square symmetry. On one hand, in view of the decisive role of the porosity in generating the photonic bandgaps, the chiral structure has more chances to open an ultra-large phononic bandgap for a given porosity. On the other hand, for the same phononic bandgap, the chiral structure can exhibit a larger photonic bandgap. In the range of C pn from 0.5 to 1.0, owing to the larger phononic bandgaps, the solutions of the chiral symmetry show Fig. 2 . Multi-objective solutions and the representative 3 × 3 crystal structures in the square lattice with different material orientations (θ = 0°and 30°). PxCs with the square symmetry (θ = 0°: scattered circles; θ = 30°: scattered triangles) and chiral symmetry (θ = 0°: solid circles; θ = 30°: solid hexagons) are optimized. For chiral symmetry with θ = 0°, the near-optimal solutions for the maximization of either only phononic (S pn ) or photonic (S pt ) BGWs are also displayed by the solid squares. The near-optimal solutions for square symmetry with θ = 0°are marked by two ellipses. The results for the square symmetry with θ = 0°are taken from [34] .
an absolute advantage although no larger photonic bandgaps are found. Therefore, the optimized chiral PxCs are more valuable for θ = 0°.
However, a difference is observed for the optimization with θ = 30°. The solutions of the square symmetry can completely dominate those of the chiral symmetry for C pn varying from 0.42 to 0.87, but the rotational symmetrical case could have more solutions with large C pt . To find solutions with simultaneously large phononic and photonic bandgaps, the optimized solutions of the square symmetry are certainly better. Besides, the optimized solutions of the chiral symmetry are located in the same region as the square-symmetrical ones for θ = 0°. These two solution sets represent the worst cases for θ = 30°and θ = 0°, respectively. It is noted here that the chiral PxC has a stronger anisotropy than the non-chiral one. If the material symmetry is introduced into the chiral PxC, the anisotropy will be even further stronger. Therefore, the chiral case is much more sensitive to the material orientation angle θ.
At this point, we can suggest the beneficial symmetry of the unit-cell and the material. For the bandgap maximization, it is better to design structures with chiral or other reduced symmetries while keeping the high material symmetry. That is, with a higher material symmetry, the symmetry reduction of the structure can produce better solutions. However, with a lower material symmetry, the high geometrical symmetry of the structure is better. In principle, one could extend our approach to the asymmetrical unit-cell [36] and other lattice forms. This would require a much more expensive calculation because it involves more design variables.
All optimized structures in Fig. 2 are composed of the large lumps and narrow connections, which are similar to the pure phononic optimization results. Specially, the optimized structure A is nearly symmetrical in spite of the chiral symmetry assumption. Compared with the structures D, E and C, the structure B has the straight connections instead of the curved connections. The porosities of the structures E, C, D, S pt , and S pn are 0.685, 0.612, 0.598, 0.734, and 0.176, respectively. Therefore, the variation of the solutions from A to D shows that the optimized structures are sensitive to the porosity. This is consistent with the determining factor of the porosity in changing photonic bandgaps [16] , [17] , [22] . Therefore, a small change of the porosity leads to a small scale of the optimized photonic objectives. Meanwhile, the phononic bandgap of the optimized chiral PxCs with θ = 0°changes from about 0.5 to 1.0. In fact, this is due to the nature of the rotational lumps and curved connections. Unlike the multi-objective optimized structures, the single-objective optimized structures S pt and S pn exhibit the distinct geometrical properties. They show the geometrical limits for the photonic or phononic bandgaps: the connected structure with the maximal porosity for photons and the rotational lumps with narrow curved connections for phonons. Generally, the optimized chiral structures at the whole Pareto-front can direct the design of novel PxCs for different bandgap requirements. The topological network structure is very suitable for designing PxCs.
To reveal the trade-off between the phononic and the photonic bandgaps, we study the optimized solutions with θ = 0°by maximizing the phononic (photonic) bandgaps while maximizing (minimizing) the porosity, see Fig. 3 , where four representative structures are also presented. It is obvious that the phononic and photonic solutions show the totally opposite tendencies with the variation of the porosity. This demonstrates the major factor of the porosity and the source of the trade-off. In addition, not all the optimized phononic solutions have complete photonic bandgaps. Conversely, all the optimized photonic solutions have complete phononic bandgaps, although the optimization does not consider the phononic case. For instance, the relative complete photonic (phononic) BGWs of the structures C and D are 0.56% (32.4%) and 18.3% (47.83%), respectively. So, the structures having photonic bandgaps are more possible to open the phononic bandgaps simultaneously. Comparing the four structures in Fig. 3 and C-E in Fig. 2 , it is observed that the chiral structures in Fig. 2 are more similar to C and D in Fig. 3 . Therefore, the photonic case should dominate the optimized topological features in the optimization.
For understanding the appearance of large phononic and photonic bandgaps, we present the band structures of the optimized structure C (see Fig. 2 ) in Fig. 4 . The corresponding vibration modes of the acoustic and optical waves are shown in Fig. 4(a) and (b) , respectively. This structure simultaneously opens the large phononic (94.2%) and photonic (14.7%) bandgaps. From Fig. 4(a) , we observe that four vibration modes have the apparent local resonances. Two lower modes I 1 and O 1 localize the vibration in the solid lump areas, while the connections have a relatively small vibration. However, the two upper modes I 2 and O 2 exhibit a vibration in the vertical and horizontal connections, respectively. As a result, the vibration energy of the different resonant modes is localized, preventing the elastic wave propagation. Therefore, the larger difference of the localized resonance generates the larger phononic bandgap between the two bands. Looking at the TE-field patterns of the second and third bands, we find that the modes E 1 and E 2 in Fig. 4(b) are mainly concentrated within the vacuum hole (low-ε) and the solid dielectric (high-ε) regions, respectively. Then, the jump of the concentration extent between the consecutive bands forms a bandgap. The large difference in the fields in the high-ε regions of the consecutive modes results in the large bandgap. As for the TM modes, the mode M 1 concentrates its most electric energy in the dielectric regions, pulling down the mode frequency. To obtain the highest energy concentration in the dielectric region with a high ε, the eigen-mode of the upper edge band should be orthogonal to the eigen-mode of the lower edge band [49] . This variation can explain the large splitting between these two bands. Therefore, the optimized chiral structures can generate a large difference in the energy distribution of the consecutive modes for both TE and TM modes simultaneously, thus opening the large complete photonic bandgap.
Triangle Lattice
Compared with the square-latticed PxCs, the triangular latticed structures are more desirable as they can provide a better performance with more relaxed fabrication limitations. The requirement of an omni-directional gap tends to favor high-symmetrical structures in order to have the same bandgap in multiple directions [23] . Next, the multi-objective optimization will be used to obtain the PxCs with the simultaneously large phononic and photonic BGWs in the triangular lattice under different symmetry assumptions.
Both the triangular symmetry and the chiral symmetry with θ = 0°and 30°are considered. Four optimization solutions and nine representative structures are presented in Fig. 5 . There are smaller differences among these solutions unlike the square-latticed structures in Fig. 2 . This means that the triangular lattice is less sensitive to the unit-cell and/or the material symmetry reduction. However, in spite of the indistinctive dominance relationship, we can also find out the tendencies and possible improvements of the different solutions. For both cases of θ = 0°and 30°, the optimized non-chiral (i.e., triangular symmetrical) solutions are better than the chiral ones. Therefore, the high-symmetrical PxCs are more suitable for opening bandgaps in the triangular lattice. In fact, for the phononic bandgap of the out-of-plane mode [36] , the structure with a triangular symmetry is the best topology. Therefore, considering phononic and photonic bandgaps, the optimization would evolve toward finding more high-symmetrical structures for the dual bandgap maximization. In particular, the near-optimal solutions obtained from the single-objective optimization show the opposite properties, i.e., the chiral symmetry is the best for opening phononic or photonic bandgaps separately. However, under the trade-off relationship, the multi-objective optimization has to balance the phononic and photonic cases simultaneously. Changing the chiral symmetry at a certain degree may be able to find out sufficient non-dominated solutions. Therefore, the triangular symmetry is more suitable to prohibit the acoustic and the optical waves at the same time. Fig. 5 also shows that, with the same symmetry, the solutions with θ = 30°are better than those of θ = 0°. This implies that the low material symmetry is better in the triangular lattice. In the range of large phononic bandgaps, the solutions of the triangular symmetry with θ = 30°and θ = 0°coincide with each other. However, in the range of large photonic bandgaps, the solutions of the triangular symmetry with θ = 30°show some obvious improvements over the other three cases.
We note that the optimized structures in Fig. 5 consist of the similar narrow connections and lumps with holes in the center. The chiral structures S pt and S pn represent the near-optimal topologies with large photonic and phononic bandgaps, respectively. The optimized chiral structure S pt indeed has rotational lumps and curved connections while keeping the same porosity (0.67) as the triangularly symmetrical one, exactly proving that the triangular symmetry is the best assumption and the porosity dominates the emergence of the photonic bandgap. As for the single-objective phononic bandgap maximization, the structure S pn has large lumps which nearly close to each other. Its large lumps are connected with the small rotational lumps, which can make the structure easy to rotate under the incident waves. The porosities of A-G are 0.667, 0.616, 0.561, 0.524, 0.668, 0.616, and 0.549, respectively. The similarity of A and S pt declares that simply increasing the lumps area and decreasing the holes can open larger phononic bandgaps while lead to smaller photonic bandgaps. All representative structures (A-G) have central holes in the lumps whose radius affects the photonic bandgaps. Actually, we have introduced the constraint in (8) to make sure that the C pt values of all the optimized PxCs are larger than 10%. Therefore, we can infer that a PxC with central holes is more possible to open large dual bandgaps, especially for the photonic case. We note that, except the structure A, the non-chiral structures E-G have the relatively complex geometries. However, the optimized chiral structures B-D have obviously simple geometries with the rotational lumps and connections. Apparently, with the chiral structures, we can find more simple PxCs while keeping sufficiently large bandgaps, although they do not show an obvious advantage for opening the dual bandgaps. Then, we can reduce the optimized chiral structures to the highly symmetrical ones (like A) and guide the PxC design. Because we do not consider the robustness and the fabrication issues in our optimization, the multi-objective optimization solutions only focus on the bandgaps. The simple optimized chiral structures show that the chiral symmetry can offer us a rational approach for exploring new beneficial and simple PxCs by the topology optimization. Of course, this idea is expected to be very useful in designing more novel high-performance PxC devices in the future.
To explain the proximity of the optimized solutions in Fig. 5 , we maximize the phononic (photonic) bandgaps by varying the porosity. The non-chiral and chiral PxCs with θ = 0°are considered. Four optimized solution sets and the corresponding structures are presented in Fig. 6 . As in the square lattice (see Fig. 3 ), the phononic and photonic bandgaps have the opposite tendencies with the variation of the porosity. The non-chiral and chiral symmetries produce nearly the same Pareto-fronts. This is consistent with the results in Fig. 5 . From the phononic results, we can conclude that the chiral symmetry can also results in large phononic bandgaps even with a small porosity. This means that, compared with the non-chiral symmetry, the chiral symmetry is able to generate a larger localization of the elastic waves by the rotational lumps and connections. Specially, the phononic solutions with the non-chiral symmetry have large phononic bandgaps but small photonic bandgaps (<10%). For example, the phononic and photonic bandgaps of the structure B are 98.13% and 7.15%, respectively. In contrast, all the solutions with the chiral symmetry for the phononic case cannot open photonic bandgaps. However, for the photonic cases, a small difference between the two symmetries is found only in the region with a small porosity. This reveals that the non-chiral symmetry is good enough for photonic bandgaps. Furthermore, the triangular lattice is not sensitive to the symmetry reduction for opening photonic bandgaps. Unlike the phononic solutions, most photonic solutions of both the chiral and the non-chiral symmetries cannot open the phononic bandgaps. This implies that the phononic bandgap opening should be the dominating factor to be considered in the design of PxCs. Only several photonic solutions of the non-chiral symmetrical case can open small phononic bandgaps. For instance, the structure F has the photonic (12.74%) and phononic (24.21%) bandgaps simultaneously. Therefore, this once again proves that the high-symmetry is the best condition for the PxCs in the triangular lattice. Note that the physical mechanism herein is similar to that for the square lattice, as discussed in Section 3.1.
From the results shown in Figs. 2, 3 , 5, and 6, we can conclude that regularizing the chiral property has an apparent influence on the PxC bandgap performances. For both the square and triangular lattices, if the strong chirality occurs in the solid lumps and connections simultaneously, the phononic bandgaps will be improved. This is because the stronger rotation will make the structure Fig. 7 . Relative difference between the complete BGWs generated by the optimized structure D in Fig. 2 and the structure with removed pixel elements within the design domain one by one for the phononic (a) and photonic (b) cases, respectively. Due to the chiral symmetry, only one fourth of structure is shown. Negative value means a decreased value of BGW, whereas the positive one indicates an increase. Fig. 8 . Relative difference between the complete BGWs generated by the optimized structure D in Fig. 5 and the structure with removed pixel elements within the design domain one by one on the gap value for the phononic (a) and photonic (b) cases, respectively. Due to the chiral symmetry, only one sixth of structure is shown. The color scheme has the same meaning as that in Fig. 7 .
easier to have local vibrations, but at the same time, the stronger chirality is more likely to yield a smaller porosity, resulting in the decrease of photonic bandgaps. In addition, the chirality degree and geometry of the connections will affect the PxC bandgaps in the square lattice. In contrast, the PxC bandgaps of the triangular lattice are more sensitive to the changes of the solid lumps. Based on these mechanisms, we propose the beneficial topologies for the chiral PxCs as follows. For the square lattice, it is better to design the PxC structure with apparent chiral connections and symmetrical solid blocks. As for the triangular lattice, however, the PxC structure with evident chiral solid lumps and symmetrical connections is more suitable.
Sensitivity Analysis
Although we have used the topology optimization to extract the accurate sizes from a large search space, the optimized structures can be described by several simply geometrical parameters. However, the problem of the performance robustness arises when using and fabricating the optimized PxCs. To investigate the performance uncertainty caused by the shape uncertainty arising from the possible manufacturing inaccuracy, we perform the sensitivity analysis with respect to the variations of the complete phononic and photonic bandgaps by removing the different pixel elements from the optimized unit-cells. For the square lattice, we discuss the effect of removing the pixel elements of the optimized structure D in Fig. 2 on the complete phononic and photonic BGWs; see Fig. 7 (a) and (b). The color of an element represents the effect of accidently removing itself, while the other elements are keeping unchanged. Because of the chiral symmetry, the elements of the other three parts are also removed. The negative or positive value means that the removal of the corresponding element will result in a decrease or an increase of the BGW. Apparently, the phononic bandgap is more sensitive to the geometrical change than the photonic bandgap. The most sensitive region is located in the vertical connections. Similarly, the change of the vertical connections also significantly influences the photonic bandgaps. Moreover, the removal of any element leads to the decrease of the photonic BGWs. This implies the effect of the porosity on the photonic bandgaps. We also examine the sensitivity of the optimized structure D in Fig. 5 ; see Fig. 8(a) and (b) . The influence of the material missing near the left horizontal connections is most significant. The addi- tional uncertainties of the solid lumps can significantly decrease the phononic BGW and increase the photonic BGW. With this sensitivity analysis, we can simplify the "less sensitive" parts and avoid the possible errors on the connections during manufacturing. In other words, the fabrication errors on the connections would be most critical. Furthermore, the different scale of the uncertainty effect for the two structures in Figs. 7 and 8 shows that the higher lattice symmetry is more robust than the lower lattice symmetry.
In addition to the possible fabrication inaccuracy, we have also to consider the fabrication limitations to produce the practical and manufacturable PxC structures in the applications. To this end, the local geometrical sizes can be easily tailored by increasing p * in (7). Indeed, to avoid complex and impractical topology, some additional appropriate topological constraints should be introduced into the optimization scheme, which should be considered in the future works.
In order to suggest the beneficial PxCs, we reproduce a structure very similar to the design D in Fig. 2 by defining five parameters (w 1 , w 2 , w 3 , r, and θ) , as shown in Fig. 9 . By selecting the suitable parameters [see Fig. 9(a) ], we have the simultaneously large phononic and photonic bandgaps with a relative width of 95.98% and 10.38%, respectively. Besides, it is seen from the band structures in Fig. 9(d) that the simple structure can open multiple complete phononic and photonic bandgaps simultaneously. Compared with the structure D discovered by the topology optimization (phononic and photonic bandgaps with a relative width of 100.07% and 10.02%), 4.09% and 0.018% differences are caused by the small geometry revision which may be interesting to reduce the fabrication cost. In view of the sensitivity of the connections, we can change the connection as the straight one while the porosity and the radius of the circular lumps are the same, see Fig. 9(c) . It opens simultaneous phononic and photonic bandgaps with a relative width of 87.78% and 14.43%. Hence, for reducing the manufacturing cost, we can make some changes and optimize the local parts of the optimized chiral structures. Similarly, for the triangular lattice, we can also get a simple symmetrical structure from the design D (phononic and photonic bandgaps with a relative gap width of 85.8% and 10.02%) in Fig. 5 , although it is chiral. Fig. 10 illustrates the unit-cell geometry and its band structures. It opens the simultaneously large phononic (66.69%) and photonic (12.35%) BGWs. Similarly, a modification of the geometry results in the decrease of the phononic BGW and the increase of the photonic BGW. This new structure shows that the optimized chiral PxCs in Fig. 5 may provide a high flexibility with respect to the geometrical parameters. It is better to design cavities or waveguides on this platform by introducing defects. For a certain optical wavelength, all the optimized PxC structures considered in this paper impose the similar fabrication limitations. Thanks to the multiple non-dominated solutions generated by the topology optimization, it is possible to choose and reconstruct the PxCs with large dual bandgaps for a wide range of the geometrical parameters. For example, if we assume that the photonic mid-gap occurs in the telecommunication wavelength region around 1550 nm, then all the corresponding geometrical parameters and actual frequencies may be determined. In Fig. 9 , the lattice constant is selected as a = 616 nm, and the other geometrical parameters are w 1 = 41.272 nm, w 2 = 30.8 nm, w 3 = 20.328 nm and r = 226.072 nm. Likewise, the lattice constant a = 636.5 nm is selected in Fig. 10 , while other parameters are determined as w 1 = 26.5 nm, w 2 = 172.4 nm, w 3 = 39.8 nm and r = 39.8 nm. Even though these sizes may be too small for existing equipment, the high performance of the optimized structures with simultaneous large phononic and photonic bandgaps can be shown clearly. It should be remarked here that the smallest lengths in Figs. 9 and 10 can be enlarged by adjusting the parameter p * in (7).
Conclusion
In this paper, we systematically demonstrate that the optimized phoxonic crystals (PxCs) designed by the topology optimization can provide simultaneously large phononic and photonic bandgaps. We perform the optimizations with different structural and material symmetries, and analyze the corresponding effects on both bandgaps and geometries of the PxCs in the square and triangular lattices. Moreover, we also discuss the robustness of the optimized PxCs and show the recon-structed simplified PxCs. The topological features in our present study can be extended to many other symmetrical cases. The conclusions from this study can be drawn as follows: 1) Compared with the empirical design, the topology optimization can find many structures with large complete phononic and photonic bandgaps. For the simultaneous phononic and photonic bandgap maximization in the square lattice, it is better to design such structures with chiral or other reduced symmetries while keeping the high material symmetry. In contrast, with the lower material symmetry, the non-chiral structure is better. 2) For the triangular lattice, the non-chiral symmetry is most suitable to prohibit the propagation of acoustic and optical waves at the same time. With the same geometrical symmetry, the low material symmetry is better for the triangular lattice. In particular, we show that the chiral symmetry is more likely to generate simple structures, although no obvious improvements in bandgaps are achieved.
3) The PxCs with a higher lattice symmetry are more robust than those with a lower lattice symmetry. In addition, the strong chirality of the solid connections/lumps will widen the PxC bandgaps in the square/triangular lattices. We believe that the optimization results and the corresponding novel structures presented in this paper can guide and offer new degrees of freedom to the design of PxC structures and devices for enhancing the optomechanical and acousto-optical interactions. It should be remarked here that further investigations are required to verify the universal validity of the above conclusions for other materials and to understand the physical mechanisms for the aforementioned observations. Most importantly, the present study provides us the concept designs which can energetically guide the designs in the field of PxCs. It is easy to extract the useful topological features from the optimized PxCs and then construct the simpler structures for practical applications.
Our present topology optimization only searches for some common structural symmetries. The considered cases of θ = 0°and θ = 30°in this paper are just two representative examples to show that the material anisotropy indeed has a considerable effect on the optimization results, and therefore the material orientation should be considered in the PxCs engineering. In fact, we have also investigated other angles (θ = 0
• , 30°) and found, that the corresponding solutions are rather poor than that for θ = 0°. As future works, the present study could be extended to other symmetry groups and even structures with no symmetry at all. However, it is necessary to consider the feasibility of such possible complex structures, although a lower symmetry may contribute to larger bandgaps [36] . Besides, the material effect regarding different refractive indices should be studied as well. Furthermore, in order to design and manufacture more realistic and practical PxCs, some additional appropriate geometrical constraints should be introduced to consider the possible manufacturing inaccuracy and fabrication limitations, and to avoid complex and impractical topologies. We are convinced that these interesting topics will aid in the optimal design and novel applications of PxC structures and devices.
